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INTRODUCTION 

Investigations employing alkylation. reductive alkylation, and related 
kinds of chemical transformations have provided new information concerning the 
structural characteristics of representative bituminous coals ( 1 ) .  The nature 
of the oxygen functional groups in coals are of rather special interest be- 
cause they strongly influence the reactions of the coal. Accordingly, we de- 
termined the relative abundance these groups during a study of the alkylation 
and reductive alkylation of Illinois No. 6 coal (2). The availability of in- 
formation of this kind, especially the hydroxyl group content, led us to con- 
sider a new approach for the evaluation of the factors governing the reactions 
of coal molecules. Specifically, knowledge of the hydroxyl group distribution 
provided an opportunity to introduce new organic groups into coal at selected, 
known locations. Once alkylated, the modified coals could be investigated in 
a variety of ways to gain more information on their structure and reactivity. 
The presentations of G.R. Dyrkacz (3) and K.W. Zilm (4) illustrate some as- 
pects of this activity. We, in collaboration with R.F. Zabransky of the In- 
stitute of Gas Technology, have examined the pyrolytic reactions of the modi- 
fied coals. 

RESULTS AND DISCUSSION 

Preparation. At first, we contemplated using reductively alkylated coals 
in studies of liquefaction and gasification. Work with such kinds o f  modified 
coals is attractive because the reductively alkylated materials are signifi- 
cantly soluble in ordinary organic solvents. However, the achievement of so- 
lubility is realized at the cost of carbon-carbon bond cleavage reactions, as 
well as extensive 0- and C-alkylation reactions (1 ) .  It appeared that the re- 
activity patterns of these modified coals might not be entirely representative 
o f  the origianl coals. Therefore, we elected to use simple alkylation Pro- 
cedures to modify the coals. The 0-alkylation reaction worked out by R. Liot- 
ta and his associates (5) proved very suitable for our requirements. 
Illinois No. 6 coal and other coals can be very selectively alkylated using 
this reaction scheme, equations ( 1 )  and ( 2 ) .  

(Coa1)OH + B - (Coal)O- + BH+ 

(Coa1)O- + RX - (Coa1)OR + X- 
( 1 )  

( 2 )  

B = Bu4NOH or KOH 

R = Primary alkyl halide or tosylate 
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I n  the course o f  the  study, i t  became c lea r  t h a t  tetrabutylammonium ions could 
be tenaciously re ta ined  i n  the modified coals and could produce unwanted by- 
products dur ing the  p y r o l y t i c  reactions. Potassium hydroxide was used t o  c i r -  
cumvent t h i s  problem. 
phenylethyl bromides, se lec t i ve l y  undergo e l im ina t i on  reactions ra ther  than 
e t h e r i f i c a t i o n  react ions,  equation (3). This d i f f i c u l t y  was avoided by the 

Certain primary a l k y l  hal ides,  f o r  example, the  2- 

C6H5CH2CH2Br t (Coa1)O- - (Coal)OCH2CH2C6H5 (3a) 

C6H5CH2CH2Br t (Coa1)O- - (Coa1)OH t C6H5CH=CH2 (3b) 

subs t i t u t i on  o f  a l k y l  tosy la tes  f o r  a l k y l  bromides (6). 

C-Alky la t ion  was accomplished as ou t l ined  i n  equations ( 4 )  t o  (6). 

(HO),( Coal )C(ArI2H (CH30),(Coal )C(ArI2H ( 4 )  
CH3 I 

NaNH2 

RX 
(CH30)n(Coal)C(Ar)2H - (CH30)n(Coal)C(Ar)2R (5) 

(CH30)n(Coal)C(Ar)2R - L i  I (HO),(Coal )C(ArI2R (6) 
Col1 i d i  ne 

Using techniques o f  t h i s  k ind,  we prepared many modified coals including 
der iva t ives  w i t h  simple a l k y l  and a l l y l  Groups, arylmethyl and a ry le thy l  f rag- 
ments and compounds w i th  aromatic and hydroaromatic structures, f o r  example 
9,lO-dihydrophenanthrene. 
.bels were introduced i n t o  the modif ied coals.  Space l im i ta t i ons  do no t  permit 
a discussion o f  t h e  methods employed f o r  the preparat ion and charac ter iza t ion  
o f  these compounds, bu t  i t  should be noted t h a t  i n f ra red  and magnetic resonance 
spectroscopy as w e l l  as  elemental analyses have been used extensively t o  esta- 
b l i s h  t h e i r  s t ruc tu res .  

Pyrolysis.  The pyro lys is  experiments were car r ied  out on a w i re  screen 
i n  a reactor o f  t h e  type described by Anthony and h i s  coworkers ( 7 ) .  
t yp i ca l  experiment, 10-15 mg o f  coal was placed on a preconditioned 325 mesh, 
316 s ta in less  s tee l  screen. The reactor was f lushed w i t h  h igh-pur i ty  helium. 
Then, the pressure i n  the reactor was adjusted t o  0.12 M?a and the  sample was 
heated a t  1000°C s- t o  the desired f i n a l  temperature usually between 600 and 
850°C. 
sorbed on a Tenax column. 
and t a r  y i e l d s  were determined grav imet r ica l l y .  

t h e  absorbed mater ia ls  t o  a ca l i b ra ted  vessel. 
analyzed using a Finnigan Model 4510 GC-MS system. 

I n  order t o  t race  the  chemistry, H-2 and C-13 l a -  

I n  a 

After the  reac t ion  system had cooled, t he  gaseous products were ab- 
The reac t ion  vessel was then opened and the char 

The Tenax column containing the gaseous products was heated t o  t rans fer  

The mater ia l  balances i n  
The v o l a t i l e  products were 
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1 

these experiments were very good. 

GC-MS analysis. 
developed on the basis of the study o f  pure labeled compounds. 

Methylated and Benzylated Coals, A Perspective of Pyrolysis.--The study 
of the 0-methyl and 0-benzyl coals established several pertinent points (8- 
10). First, the modified coals are more reactive than the unmodified start- 
ing materials. This enhanced reactivity is particularly evident in the in- 
creased yields of carbon monoxide and methane. The enhanced yields of these 
materials suqqests that the increased radical density resulting from the modi- 
fication of the coal promotes other secondary radical reactions that lead to 
demethylation or decarbonylation. Hence, the results strongly imply that the 
extent of small-fragment molecule formation depends in a direct way upon the 
concentration of radicals within the coal particles. The enhancement of the 
production of methane may, in part, be attributed to the increased concentra- 
tion of effective hydrogen donor groups which terminate reactions that would 
otherwise lead to undesirable char-forming reactions. Second, the exchange 
patterns strongly suggest that many reactions occur reversibly and that radi- 
cal addition reactions compete favorably with fragmentation and substitution 
reactions. Deuterium-labeled ethene, propene and butenes are formed during 
the rapid pyrolyses of the 0- and C-benzy1-d7 coals. 
amounts of deuterium are incorporated in the ethene produced from each coal. 
It seems unlikely that ethene i s  produced by the dehydrogenation of ethane un- 
der the experimental conditions. The most plausible pathways for the forma- 
tion of ethene-d involve exchange reactions prior to the formation of ethene 
via pericyclic processes, -scission reactions, and rapid addition-elimination 

formed in the original decomposition reactions undergo secondary reactions 
within the small coal particles, even in this reaction system where the se- 
condary reactions of the initial products are minimized. 

The isotopic composition of the gaseous products was also determined by 
The procedures for the analyses of the labeled products were 

Siailar, significant 

reactions. These formula P ions all require that the primary reactive products 

CHZCH2 t R. - RCH2CH2. 
RCH2CH2. t C6D5CD2Coal - RCH2CH2D t C6D5tDCoal 
RCH2CH2D t C6D56DCoal - RCH&HD t C6D5CHDCoal 

(7) 

(8) 

(9) 

\ 

RCH~CHD - R. t CH~CHD (10)  

Third, the non-random distribution of the isotopic labels in the products, 
for example, the selective abstraction of hydrogen from the benzylic ether, 
indicates that the reactions within the coal particle are kinetically con- 
trolled even at temperatures near 850°C. 

Phenylethylated Coals, The Origins of Ethene.--Next, we turned our atten- 
tion to the reactivity of 0-2-phenylethyl coals. 
be discussed on the basis of the calculated energy requirements ( 1 1 )  for seve- 
ral key reactions. 

The results can fruitfully 

The hydrogen atom abstraction reactions of the 2-phenyl- 
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e t t y l  fragment t y  a l k y l  rad ica ls ,  equations (11) and (121, are thermochemical- 
l y  very favorable. 

The y ie lds  o f  the  s imple gaseous para f f ins  are enhanced and these mater ia ls 
are extensively labe led  when 0-2-phenylethyl-d and -d4 der iva t ives  are used. 
These observations may be a t t r i b u t e d  t o  the oc?urrance o f  react ions (11) and 
(12). Moreover, i t  i s  evident t h a t  the t rans ien t  a l k y l  rad ica ls  abstract  hy- 
drogen atoms fro?, both  the 1 and 2 pos i t ions  o f  the  0-(2-phenylethyl) f rag- 
ment. The methane-d/methane r a t i o s  0.05, 0.09, and 0.17 for the 1, l -d , 2.2- 
d , and 1,1,2.2-d compounds imply t h a t  hydrogen (deuterium) i s  select?vely 
agstracted from t8e  2 pos i t i on  o f  t h e  2-phenylethyl fragment. 
t i o n  i s  i n  accord w i t h  the d i f fe rences  i n  bond energies noted i n  equations 
(11) and (12). 

could be formed from the  2-phenylethyl groups are shown i n  equations (13) and 

This observa- 

The predominant homolytic fragmentation pathways through which rad ica ls  

(14). 

Coa10CH2CH2C6H5 - CoalO. t C6H5CHzCHz- 

Coa10CH2Ct$C6H5 - Coa10CH2. t C6H5CH2- 

AH = 65 kcal mole-' 

AH = 67 kcal  mole-' 

(13) 

(14) 

The resu l t s  for l abe led  compounds es tab l i sh  t h a t  such react ions p lay  a role.  
Spec i f i ca l l y ,  the  format ion of s i g n i f i c a n t  amounts o f  toluene-d from the 0- 
(2-phenylethyl-2,Z-d ) and 0-(2-phenylethyl-1.1 ,2,2-d4) derivat?ves c lea r l y  
ind ica tes  the  involv6ment of benzyl-1.1-d rad ica l  i n  the react ion sequence. 
In addi t ion.  labe led  ethylbenzenes are  fo8nd among the react ion products. In -  
deed, 2-phenylethane-l, l ,2,Z-d i s  t h e  most abundant form o f  2-phenylethane. 
Ethene-d3 and ethene-d4 are prtminant products o f  the  thermal decomposition 
of the 0-2-phenylethyl-1 ,1,2.2-d coal. We pos tu la te  t h a t  2-phenylethyl rad i -  
ca l  undergoes fragmentation t o  y f e l d  ethene and phenyl rad ica l ,  equation (15). 

Although endothermic, t h i s  reac t ion  apparently occurs read i l y  under the ex- 
perimental condi t ions.  
t h a t  dea lky la t ion  react ions,  equations (15) and (16). p lay a prominant ro le  i n  
ethene formation. 

This observation provides strong support f o r  the view 

ArylCHzCH2. - Aryl. t C2H4 (16a) 
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Alky1CH2CH2* - Alkyl- t C2H4 (16b) 

Our results provide strong support for the suggestions of Calkins and his 

ethene. propene, and butadiene obtained in flash pyrolysis and the quantity of 
paraffinic hydrocarbons in the coal and proposed that such substances were 
the precursors of the low molecular weight hydrocarbons (12,131. 

k co-workers who pointed out that there was a relationship between the yields of 

It seems reasonable to postulate that ethene, propene, and butadiene are 
produced from long chain alkyl radicals, equations (17) to (19) 

RCH2CH2CH2CH2- - RCH2CH2* + C2H4 

RCH2CH2CHCH3 - RCH2. + CH2=CHCH3 

AH = 22 kcal mole-' 

AH = 23 kcal mole-' 

(17) 

(18) 

i. I 
i 

1 RCH2CH2CHCH=CH2 - RCH2- t CH2=CHCH=CH2 AH = 31 kcal mole- (19) 

Ethene and propene are also obtained from hydroaromatic constituents, equation 
(20). The high energy requirements not withstanding, the available evidence 

- xH3 - 
+ 'ZH4 (20) 

H2CH2 - 

points to the importance of pscisison reactions of 2-arylethyl and 3-aryl-2- 
prctpyl radicals and their derivatives for the production of ethene, propene 
and related substances. 

reactions also occur. Vernon and his associates showed that such reactions 
were important for the dealkylation of aryl alkanes under the conditions of 
coal liquefaction reactions (14). This feature of the chemistry was con- 
firmed by examination of the reactions of labeled and unlabeled 4-propylben- 

(4-Propylphenyl )methylated Coals. Ipso Replacement.-- Ipso substitution 

C H 3 C H 2 C H 2 0  CyOCoa 1 C H 2 C H 2 C D 2 0  CH20Coal 
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zene der iva t ives .  
drocarbons. 
propane and propene doubles when these fragments are present i n  coal. 
more s i g n i f i c a n t ,  very large quant i t ies  o f  propane-d are formed from the la -  
beled de r i va t i ve .  
nors, equat ion (21 ) .  and undergo demethylation, equation (22). 
t i o n  chemistry accounts f o r  t he  high y ie lds  o f  propane-d2 and propene-d2, 
equation (23). 

These conwunds provide ra ther  h igh  y ie lds  o f  C and C3 hy- 

Even 

I n  b r i e f ,  the  side-chain fragment$ are good hydrogen do- 

Indeed. the  y i e l d  o f  ethane and ethene t r i p l e s  and th2  y i e l d  o f  

Ipso subs t i tu -  

Coa10CH2C6H4CD2CH2CH3 t CH3* - Coal OCH2C6H4CDCH2CH3 t CH3D (21 ) 

Coal OCH2C6H4CDCH2CH3 - Coa 1 OCH2C6H4CD=CH2 t CH3' (22) 

T e t r a l i n  Der ivat ives,  Per icyc l i c  Processes.--Our most recent studies have 
focused on the  r o l e  o f  pe r i cyc l i c  processes i n  the thermal decomposition reac- 
t i ons  of  coals. Although there i s  ample evidence t h a t  such kinds o f  reactions 
occur r e a d i l y  under the condi t ions employed f o r  the  pyro lys is  o f  coal ,  most 
workers i n  the  f i e l d  w i th  the notable exception o f  V i rk  and h i s  group (15 )  
have adopted the  view t h a t  coal decomposition i s ,  w i t h  the exception o f  water- 
forming react ions,  a f ree  rad i ca l  process (16). Although the  ea r l y  searches 
fo r  p e r i c y c l i c  reac t ions  dur ing the thermal decomposition o f  coal have not 
been successful (17 ,18 ) ,  we reconsidered the issue because the  energy require- 
ments f o r  many p e r i c y c l i c  react ions are known t o  be modest. 

I l l i n o i s  No. 6 coal  samples modified w i th  labeled t e t r a l i n  fragments, 5- 
and 6-(1,2,3,4-tetrahydronaphthyl-1,1,4,4-d )methyl bromide and 5- and 6- 
(lI2,3.4-tetrahydronaphthyI -2, 3-d2)methyl bflomide, were pyrolyzed t o  determi ne 
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the fate o f  the grafted fragments and the labels within the fragments. 
preliminary results strongly suggest that concerted reaction pathways contri- 
bute to the fonnationdf low molecular weight hydrocarbons. 
produced from the modified coal samples than from the reference sample. More 
importantly, the coal samples modified with 5- and 6-(1,2.3.4-tetrahydronaph- 
thyl-2.3-d )methyl bromide produced significantly more ethene-d than the sam- 
ples with 3- and 6-(1,2;3.4-tetrahydronaphthyl-l,1 .4,4-d4)methy? bromide. 
These observations imply that molecules such as tetralin decompose via concer- 
ted pericyclic pathways within coals, equation (24). Presumably other retro 

The 

More ethene was 

ba’0cH2a” + C2H2D2 (24 1 coa10cH2w: - CH3 

ene and retro addition reactions also occur during pyrolysis. 
of  coal pyrolysis based exclusively on free radical reactions may be quite 
misleading . 

Thus, theories 
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